The objective was to achieve maximum confinement of uranium vapor within the plasma while simultaneously minimizing the uranium compound wall deposition.
In all tests, the plasma was a fluidmechanically confined vortex-type contained within a fused-silica cylindrical test chamber. Exploratory tests were conducted using the 80 kW rf induction heater (f = 13.56 MHz) with the test chamber at approximately atmospheric pressure and discharge power levels on the order of 10 kW. Four different test chamber flow configurations were tested to permit selection of the configuration offering the best confinement characteristics for subsequent tests at higher pressure and power in the 1.2 MW rf induction heater facility.
The exploratory test configuration selected for use in the more extensive rf plasma tests using the 1.2 I%J rf induction heater employed a radial-inflow vortex, driven by injectors located on only one of the water-cooled copper endwalls.
In addition to thru-flow ducts located at the center of each endwall, an axial bypass annulus was located near the periphery of the endwall opposite the vortex injectors. A concentric set of water-cooled, fused-silica tubes formed the peripheral wall. The cylindrical test chamber was 5.'7-cm-ID by lo-cm-long.
This test chamber flow configuration was designed to operate at pressures up to approximately 20 atm and rf discharge power levels up to about 100 kW. In the majority of tests, a single UF6 injector protruded 2.0 cm into the test chamber; the injector was on the centerline axis located concentrically within the thru-flow duct of one endwall. UF6 was supplied to the injector from a heated cylinder capable of supplying the gaseous UF6 at temperatures up to 450 K and pressures up to 20 atm. The rf plasma tests in the 1.2 !&J rf induction heater were conducted over a range of test chamber pressures from 1 to 12 atm and rf discharge power levels from 10 to 85 kW.
The UF6 mass flow rate ranged from 0.01 to 0.13 g/s. figure   3 . The easily modified work coil is connected to the output of the power amplifier by means of a tunable n-coupling network (see fig.  2 ). The initial system was modified to operate at 13.56 MHz and low-speed motor drives were installed on the plate and load tuning capacitors to aid in efficiently coupling rf power into plasmas having a relatively wide range of sizes and impedances.
A photograph of the assembled follow-on test configuration installed under the set of 9-cm-dia water-cooled rf work coils within the resonator section of the 1.2 MW rf induction heater is shown in figure  4 . Part of the 1.2 Mw rf induction heater assembly is shown in figure  4 . Figure 5 A symmetrically-arranged se{-. of water-cooled endwalls spaced 10 cm apart formed the axial boundary of the test chamber.
Argon was injected through a set of 1.7~nun-ID vortex injectors equally-spaced around the periphery of one or both endwalls to provide&the confining flow.
As shown in figure 6(d), some tests were conducted with the argon gas injected tangentially through hypo-sized injectors located within the fused-silica peripheral wall.
The exhaust gases were removed through one or both endwalls with thruflow ducts on the centerline and/or off-axis annular exhaust ducts. As shown in figures 6(a) and 6(d), the W6 injector could be extended into the test chamber/plasma region to eliminate some of the end effects.
The various test chamber flow geometries and combinations thereof, permitted a wide variation in the types of flow conditions obtainable with UF6 injection.
Based on the exploratory test results, the test chamber flow configuration shown in figure 6(a) was selected for the continued tests employing the 1.2 I$1 rf induction heater system. This geometry has several attractive features: ability to vary the distribution of exhaust gas flow (axial bypass); ease of change in the injection area of the argon vortex injectors;
and, ease of change in the location of the on-axis UF6 injector.
Figure 7 is a sketch of the test chamber configuration employed in the 1.2 MJ rf induction heater using pure UF6 injection. For simplicity, only half the chamber is shown.
As in the exploratory tests, the axial length between endwalls was 10 cm. Because of the higher power, higher pressure, and associated radiation levels involved, a concentric set of water-cooled fusedsilica tubes were used as the peripheral wall. The inner tube was 5.7-cm-ID x 6.1-cm-OD; the outer tube was 6.5-cm-ID x 7.3-cm-OD.
An alternate outer fused-silica tube was also prepared, having a g-mm wall thickness (see fig.  7 ) to permit safe operation, if required, at relatively high chamber pressures (-40 atm). The water-cooled copper endwalls incorporate provisions for driving the vortex from one (or symmetrically from both) endwalls. The other endwall (not shown in fig.  7 ) has provision for removing the exhaust gas through an axial by-pass on the periphery of the endwall. Both endwalls have the option for removing varying amounts of the exhaust gas through the on-axis thru-flow ducts.
As shown in figure   7 , the UF6 injector, located on-axis and concentrically within the right endwall, was fabricated from a 50-cm-long three concentric copper tube assembly. In the majority of tests, the injector tip extended 2 cm into the test chamber.
High pressure water (20 atm) heated to approximately 350 K via a steam heat exchanger flowed at 0.14 1/s between the concentric tubes of the UF6 injector. This provided cooling relative to . the hot plasma environment while still maintaining a high enough temperature in the injector to permit flow of the pressurized gaseous UF6 without solidification and subsequent plugging in the UF6 transfer line.
UF6 Handling System
In support of the rf plasma experiments, a UF6 handling and feeder system to provide a controlled and steady flow of heated UF6 at temperatures up to 500 K was developed. Figure 8 is a schematic diagram of the UF6 system. The system was designed to provide UF6 mass flow rates up to about 5 g/s and subsequent possible injection of UF6 into test chambers operating at pressures up to 20 atm. Figure 9 shows the vapor pressure curve for UF6 for the operating ranges of interest. The principal components of the system are the UF6 boiler, the boiler heat supply system, and the UF6 condenser (exhaust) system.
The boiler is a 2B monel cylinder rated at 200 atm working pressure. monel was selected because of its resistance to chemical attack by hot, pressurized UF6. A heat exchanger to provide internal heating is located in the bottom of the boiler and thermocouples are located at both the top and bottom of the boiler.
The thermocouple wells, heat exchangers, and UF6 flow lines were all fabricated from 6.4~mm-OD monel tubing. A 3.5 kW electrical heater surrounds the boiler and is used to reach the desired equilibrium tempe,*ature and pressure prior to flowing the UF6. In the tests reported herein,use of the electrical heater assembly alone was sufficient to provide the required flow rates; in future test.9 employing higher UF6 flow rates for longer time periods, electrically-heated gaseous N2 can be supplied to the l-D?6 boiler heat exchanger. Control on the rate of UF6 evaporation is accomplished by using a by-pass loop, as shown in figure  8 . During operation of the system, the gaseous UF6 flows from the boiler through a metering valve and a linear mass flow meter (calibrated for UF6 operation) prior to entering the m6 injector located within the rf plasma test chamber. The exhaust from the test chamber, comprised of argon, UF6 and other volatile uranium compounds is collected in the UF6 condenser system located downstream of the test chamber. The condenser system consists of two 0.5f stainless-steel tanks (connected in parallel) immersed in liquid N2. All valves throughout the system are welded-bellows type.
A neutralizing trap (NaOH + H20) is located downstream of the condenser system to remove any residual uranium or uranium compounds which pass through the flow trap, shown in figure   8 . To provide additional safety, a high flow capacity exhaust vent and gas scrubber system is installed on the Laboratory roof above the test apparatus.
Diagnostics
The total power deposited into the plasma was obtained from an overall test chamber heat balance by summing the power lost by radiation, power deposited into the annular coolant of the peripheral wall, power deposited into the endwall assemblies , power convected out the exhaust ducts, as well as, power deposited into the effluent gas heat exchanger and UF6 injector assemblies.
The power radiated from the plasma was measured using a radiometer and chopper wheel assembly.
A thermopile detector with a quartz window was usedasthe radiometer sensing element. Its output was connected to an operational amplifier and displayed on a strip chart recorder. Radiation within different wavelength bands was measured using various filters.
The response of the thermopile with filters was calibrated using a standard source of spectral irradiance.
The total power radiated from the plasma and in each wavelength band was calculated assuming isotropic radiation including allowance for blockage due to the rf work coils.
The physical size and shape of the plasma was determined from photographs taken using various neutral density filters. Continuous observation of the plasma was accomplished using a lens-projection-screen system. During all tests, the voltage, current and power of various stages of the rf systems, were monitored by meters.
In addition, strip chart recorders were also used to continuously monitor the rf plate voltage, plate current, and resonator voltage.
Figure 10 is a schematic of the diagnostic systems used in the exploratory rf plasma tests. A 0.25-m monochromator and a S-20 response photomultiplier detector were used to obtain spectral emission data between 300-700 mn. Twenty-five pm-wide entrance and exit slits were employed. These measurements were taken on-axis at the midplane of the test chamber. The scanning rate was 100 nm/min and the data were recorded on a strip chart recorder; measurements were obtained for both argon only and argon plus UF6 plasmas.
Measurements also included side-on absorption measurements using a cw, single-frequency, tunable dye laser system. Typical dye laser output powers (narrow line opeation at 591.5 nm) were 100 mW. As shown in figure  10 , a hollow-cathode uranium lamp was used to select the reference uranium line (591.5 nm) used in these tests. A Fabry-Perot spectrum analyzer was used to define and calibrate the tuning frequency spectrum. A 0.5-m spectrometer with a photomultiplier was used in conjunction with a set of beam splitters and two front surface mirrors, as shown in figure  10 . The laser beam ( =: 1.5-mm-dia) traversed the test chamber on the major axis at a distance 1 cm away from the tip of the UF6 injector. In these tests the UF6 injector extended 1 cm into the test chamber. This position was selected since prior rf plasma tests (argon only) included chordal scans at this location from which temperature profiles were determined.
UF6/rf plasma tests conducted in the 1.2 MW induction heater facility did not include the dye laser system, but the argon-ion laser system operating at 514.5 nm was used for additional side-on absorption measurements taken onaxis at the axial midplane of the test chamber.
The test setup was similar to that shown in figure  10 . Based on the overall test results, the test chamber flow configuration shown in figure  6 (a) was selected as the one best-suited for use in the follow-on rf plasma tests employing the 1.2 i%J rf induction heater system. With this configuration, a relative maximum mass flow rate of pure UF6 (0.04 g/s) injected directly into the argon plasma was achieved with corresponding minimum wall coating, thus offering potentially the best confinement characteristics.
In addition, this test chamber flow configuration possesses significant flexibility in the control of the flow field and exhaust +s distribution.
To illustrate the effect of the pure UF6 inJection on Lhe plasma discharge, figure  11 shows in the central region of the plasma; this was sometimes followed by extinguishment of the discharge.
Periodically throughout the exploratory rf plasma tests, spectral emission measurements throughout the wavelength band from 300-700 nm were taken on-.axis at the axial midplane using the 0.25-m monochromator system shown in figure  10 . Figure 12 illustrates some results obtained for the wavelength 'i)and between 400 to I,60 nm. Many of the strong argon, uranium, and fluorine lines present in the wavelength range from 300-700 nm have been identified, cataloged, and compared with those documented in the literature. Also to aid in the analyses of the present and future tests, UF6 equilibrium composition data were calculated for total pressures from' 10e4 to 1 atm and over a range of temperatures from 300 to 10,000 K. Figure 13 is a,n example of this UF6 equilibrium composition data. For all practical purposes, at a pre:;sure of approximately 1 atm complete thermal decomposition of UP6 has occurred at a temperature of about 4700 K.
To demonstrate the feasibility and practicality of using a cw singlefrequency tunable dye laser system for making uranium plasma absorption measurements, several tests were conducted using the dye laser system illustrated in figure 10. Significant effort had to be devoted to properly shielding the entire dye laser and associated diagnostic equipment from the rf fields.
As shown in figure  10 , the dye laser beam traversed the test chamber on the major axis at a distance of 1 cm away from the tip of the UF6 injector.
Based on prior spectral emission chordal scans taken under similar test conditions (argon only), the temperature profiles determined (based on both absolute line and continuum radiation) indicated centerline temperatures of approximately 8000 K exist with a slight off-axis peak at a radius ratio of about 0.5. Figure 14 shows figure  11 were obtained and additional spectral measurements in the 300-700 nm range were taken.
The effect of the 2-mm-thick passage of annular water coolant was noted in the upper wavelength cutoff of about 1300 nm as compared to the exploratory tests tihich employed only gas cooling. In general, the higher power, higher pressure argon rf plasma discharge employed in the 1.2 bBJ r-f induction heater tests was less susceptible to perturbations due to the injection of pure UF6. Thus, a greater mass flow rate of UE6 could be injected while still maintaining a well-confined, stable discharge. Occasionally, under certain extreme combinations of test conditions, indications of plasma unsteadiness were also observed to occur.
The maximum mass flow rate of pure UF6 employed waso.13 g/s. This corresponded to a chamber pressure of 1.7 atm, argon plasma power level of 71 kW, argon buffer gas mass flow rate of 3.2 g/s,
The test at maximum UF6 flow rate extended over a time interval of ten minutes.
During the latter part of the tests using the 1.2 PM rf induction 11e:ite1*. i*11 t tubes were ::electecj r'or analysis of wall deposits by several techniques , including electron diffraction, x-ray diffraction, electron microprobe, and IR spectrophotometry. At the bottom of the trace is noted the particular compounds associated with the peaks. Figure 22 shows an example of some of the absorption measurements ~\bl:lilleJ ill Lli~ 1 .2 1\1J 1'1' pla:;nia experiments with pure lV6 injection. Refer to figure  10 for the basic diagnostic setup. In these tests, an argon-ion laser beam of approximately 300 m\d power and operating at 514.5 nm was used. Figure 22 shows the change in transmission (I/I,) which occurred for various changes in the UF6 mass flow rate.
A semi-log plot was used to give an indication of the possible exponential dependerlce of the transmission on the UF6 mass flow rate.
In this case the UF6 mass flow rate would be related to the concentration.
The product of absorption coefficient, concentration, and optical path length forms the exponent in the relationship with transmission. Post-test calibration indicated the transmission returned to approximately the initial value, thus confirming the observation of minimum wall coating. Figure 23 is a photograph showing the t.1' plasma with pure UP6 injection within the 1.2 fiIJ rf induction heater. 
